The mechanism of phosphate coprecipitation with calcite is proposed on the basis of homogeneous distribution of phosphate in the crystal at 20°C and pH 7.9-9.5. At a constant pH, phosphate content of calcite is proportional to total phosphate concentration in aqueous solution. PO' ions are uptaken into the calcite lattice, where 3 CO3 ions are replaced by 2 P04 ions in aqueous solution, as described by the ion exchange equilibrium:
INTRODUCTION
trol of the trace element partition.
In the latter aspect, it has been suggested that partition coef
Phosphorus exchange between sediments ficients of divalent ions have a parabolic rela and natural waters, and phosphate-calcium car tionship with respect to their ionic radii (IcHIKU bonate interaction have extensively been investi NI, 1978; ONUMA et al., 1979; MASUDA and gated (GULBRANDSEN, 1969; STUMM and MORGAN, HIRANO, 1980). 1970; MORSE and COOK, 1978) . It has also been On the other hand, little has been studied on observed that dissolved phosphate ions are ef the partition of ions having different valencies. fectively coprecipitated with calcium carbonate The electrical neutrality of such ions must be (OTSUKI and WETZEL, 1972; KITANO et al., maintained in their incorporation into a crystal. 1978) . The explanations of these observations This restriction complicates the analysis of the have mainly been focussed on surface phenom partition mechanisms (MCINTIRE, 1963 ; WHITE, ena including phosphate adsorption on calcium 1977). ICHIKUNI (1979) suggested an ion ex carbonate, formation of calcium phosphate, change model which indicates fluoride uptake and inhibition of calcium carbonate crystalliza by aragonite maintaining the charge balance be tion (REDDY, 1977 , BERNER et al., 1978 ; KANEL tween fluoride and carbonate ions. In this paper and MORSE, 1978) . the ion exchange model is applied to the study
The coprecipitation of divalent cations with of phosphate partition between calcite and calcium carbonate has widely been studied in aqueous solutions. terms of partition of trace elements between calcium carbonate and aqueous solution (HoL EXPERIMENTAL LAND et al., 1963; KITANO et al., 1968; KINS MAN and HOLLAND, 1969; KATZ, 1973; LORENS, In all the runs a 300m1 glass beaker was used 1981).
The studies of the trace element parti as a reaction vessel. The runs were executed at tion have two aspects of interest: one is in the about 20°C. A varying amount (0.6-6.0mg) of geological applications of partition coefficients PO' (as Na3PO4 solution), 20m1 of 0.2M (HOLLAND, 1956; KINSMAN, 1969 ; PINGITORE, Na2CO3 solution, and 0.1 M HCI (for pH con 1978), the other in the crystallo-chemical con trol) were mixed in a beaker. Fractional leaching of the precipitates was executed to confirm the homogeneous distri bution of phosphate in calcite. About 80mg of a product was suspended in distilled water under vigorous stirring. An appropriate amount of 0.1M HCl was dropwise added to the suspen sion. The total volume of the solution was adjusted to 60m1 after the addition of HCl solution. After the filtration, Ca" and PO4 concentrations of the filtrate were determined as described above.
RESULTS AND DISCUSSION
Inhibition of vaterite nucleation by phos phate Calcite precipitates were prepared from phosphate containing Na2CO3 solutions by slow addition of CaC12 solutions. In the absence of phosphate ions, this method is known as the synthetic procedure of vaterite (MCCAuLEY and Roy, 1974) . However, vaterite was not obtained in the solutions containing more than 4 X 10-5 M phosphate ions, and the precipitates showed only calcite peaks in the X-ray diffractometry. Since phosphate ions act as a poison to the crys tal growth of calcium carbonate (REDDY, 1977) , nucleation of thermodynamically unstable vaterite may be inhibited by phosphate ions. Any precipitates which contained detectable amounts of vaterite are excluded from the fol lowing discussion.
Effect of aging
The recrystallization of the precipitates was observed during the time of aging. Figure 1 shows the scanning electron micrographs of the calcite precipitates. Added amounts of phosphate and 0.1 M HCl were fixed at 1.1 mg and 15 ml, respectively. The initial precipitates formed by the rapid precipita tion consisted of spheric calcite ( Fig. 1-a) . These precipitates recrystallized to rhombo hedral calcite crystals as a result of aging ( Fig.  1-b) . Figure 3 shows the result of the leaching experiment. The homo geneous distribution was almost established in the calcite precipitates. Mechanism of phosphate partition The incorporation of an impurity ion having dif ferent charge is constrained by the maintenance of electrical neutrality in a crystal.
With the substitution of such an ion for a lattice ion, the maintenance of electrical neutrality will require one of the followings: the substitution of a second impurity ion elsewhere in the lattice, the addition of a second impurity ion at an inter stitial site, the formation of vacancy elsewhere in the lattice, or any combination of these pro cesses (MCINTIRE, 1963) . Na+ ions are simultaneously coprecipitated with calcite (Table 1) , but Na+ content has no distinct relation with PO4 content of the solids. Thus it is concluded that Na+ ions, as second impurity ions, do not contribute to the elec trical neutralization of PO4 ions in calcite.
If the charge balance is maintained between CO3 and 1`01 ions, the following ion exchange equilibrium is assumed:
Then the equilibrium constant K for defined using the activities of these (2) eq. (2) K= (aco3-)3 (aPO4_)2 (3) (4 2_ )3 (A0 43 )2
As the calcite precipitates are in equilibrium with the aqueous solutions (Fig. 2) , solubility product KsP (4) can be written as:
From eqs. (3) and (4), eq. (5) is obtained: The slope of experimental eq. (6) is in agree ment with that of theoretical eq. (5).
The ion activity products (a3 2+ aP04) of the solutions were all below the solubility pro duct of tricalcium phosphate KSP = 1.20 X 10-29 (GREGORY et al., 1974) . Thus the regulation of aqueous PO4 concentrations by the formation of tricalcium phosphate is neglected in this dis cussion. HP04 ions were major species of phosphate in the aqueous solutions. It was examined using the similar ion exchange model whether PO4 were incorporated as HP04 in calcite or not.
However, no reasonable result was obtained.
In the above mechanism, 3 C03 ions in calcite are replaced by 2 P04 ions. This sub stitution means implicitly the formation of a C03' vacant site in the lattice. Vacancy forma tion is generally ascertained in alkali halides con (6) taining divalent cations (KITTEL , 197 6 Fig. 5. Logarithmic relationship between phosphate concentrations of calcite divided by aqueous phosphate activities and aqueous calcium activities at 20°C and pH 7.9-9.5. Used data are listed in Table 1 .
